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Abstract 
Epitaxial emitters deposited by atmospheric pressure CVD have been studied using different characterization 
methods such as spreading resistance profiling (SRP) or electrochemical capacitance voltage profiling (ECV). 
Comparing simulations with measured data, very low minority carrier lifetimes of τeff = 20 μs have been determined 
for FZ-material after a standard epitaxy process. LBIC measurements showed very low and inhomogeneous 
distributed diffusion lengths in the range of 100-250 μm before process optimization. Therefore an emitter epitaxy 
process working at lower temperatures was developed [1] leading to diffusion lengths of 750 μm. The effective 
minority carrier lifetimes and emitter saturation currents were determined using QSSPC measurements. For samples 
with an emitter, deposited at optimized temperature, a best value for the effective minority carrier lifetime of 
τeff = 212 μs was measured and an emitter saturation current could be determined to J0e= 46 fA/cm2. In order to 
investigate the stress in the epitaxial layers μRaman and μPL measurements were performed showing no increased 
values at the interface. The doping density in boron doped emitters was determined with μPL and in good agreement 
with measured ECV-profiles. The Shockley-Read-Hall lifetime in the emitter bulk showed no increased values at the 
interface between substrate and epitaxial layer. 
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1. Introduction 
Standard solar cell processes use phosphorous diffusion for n-type emitter formation. This process is 
very time consuming and requires chemical etching of the silicate glass afterwards. In comparison to that, 
emitters created by chemical vapor deposition (CVD) offer a good alternative, given that the deposition 
only takes a few minutes and the doping profile can be adjusted nearly as desired. Furthermore, boron-
doped emitters deposited by CVD offer the same advantages, while the diffusion process with BBr3 takes 
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even longer than with POCl3. PC1D simulations by Reber et al. [2] showed the potential of an epitaxial 
emitter to achieve high efficiencies. Nevertheless, using only one homogeneously doped layer, one has to 
compromise between losses due to auger recombination in highly doped emitters or a reduced fill factor 
due to a higher contact resistance on a lower doped front surface. Schmich et al. [3] suggested therefore a 
two layer epitaxial emitter and achieved for crystalline silicon thin film (cSiTF) solar cells fill factors of 
79.9 % and 655 mV open circuit voltage. 
The aim of this work was to determine the potential of a two layer epitaxial emitter on wafer solar cells 
and to identify possible optimizations in the cell processing. Therefore in this work epitaxial emitters 
deposited by atmospheric pressure CVD (APCVD) using trichlorosilane (TCS) as a precursor are 
characterized. The reasons for low conversion efficiencies have been determined using PC1D simulations 
and light beam induced current (LBIC) measurements. After optimizing the epitaxy process, the electrical 
quality of the emitters was analyzed using quasi-steady-state photoconductance (QSSPC) measurements 
on various float zone (FZ) materials. Micro Raman (μRaman) and micro-photoluminescence spectroscopy 
measurements (μPL) have been performed on cross-sections and beveled sections to measure doping 
density, stress, defect luminescence and Shockley-Read-Hall-lifetime in the epitaxial layer. 
2. Simulations 
A PC1D model was set up to identify the reasons for the low solar cell efficiency of the epitaxial 
emitters presented in [1], and by this develop design criteria to overcome this situation. The simulations 
are based on a 200 μm thick, 1 Ωcm p-type wafer. The sheet resistance was calculated for each emitter 
variation in order to get the overall series resistance. To optimize the shape of the epitaxial emitter, 
emitter thickness, emitter bulk-doping, peak-doping and depth-factor were varied as shown in Fig. 1. For 
oxide-passivated surfaces the surface recombination velocity was adapted to each front surface peak using 
the model of Cuevas et al. [4]. Solar cells were fabricated with three optimized emitter shapes and the cell 
results were compared to the simulated data as shown in Table 1. Fitting the external quantum efficiencies 
(Fig. 1 (b)) leads to a good agreement with the measured data. From the simulations a base lifetime of 
only τeff = 20 μs for the used FZ wafer after epitaxy at 1150 °C was estimated. Thermal stress could be a 
plausible explanation for this extreme material degradation. Consequently, process optimization towards 
lower temperatures to preserve the effective lifetime of the substrate material seems to be of high 
importance. In case that the base lifetime would be preserved at a level of 500-800 μs, cell efficiencies 
higher than 20 % could be achievable using high efficiency solar cell concepts like PERC (passivated 
emitter and rear contact) and PERT (passivated emitter, rear totally diffused) [5]. 
Fig. 1.  (a) ECV-profile of a deposited two layer epitaxial emitter. The varied parameters are shown within the graph. (b) Measured 
and simulated external quantum efficiencies plotted with the measured reflectance. 
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Table 1. Comparison of  measured and simulated solar cell results for a cell with epitaxial emitter used for cell modeling 
(measurements independently confirmed by Fraunhofer ISE CalLab) 
Cell type Voc [mV] Jsc [mA/cm2] FF [%] η [%] 
Measured cell with epitaxial emitter  621 34,5 78,9 16,9 
Result of cell simulation         620 35,4 77,9 17,1 
3. Experiments and characterization methods  
To optimize the bulk quality of the solar cell after epitaxy, emitter deposition processes at two 
different temperatures (1000 °C and 1050 °C) were developed. The properties of these samples were 
compared with samples with varied emitter-bulk thicknesses processed at standard temperature of 
1150 °C. FZ wafers of 330 μm thickness and 10 :cm resistivity served as substrate material. QSSPC 
measurements were performed on these samples after SiNx passivation, in order to determine the emitter 
saturation current. Using the method by Kane and Swanson [6] it should be possible to fit a value for J0e 
according to 
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Micro-Raman measurements were used to take a closer look at epitaxial layers and in particular at the 
interface between substrate and emitter. With a spatial resolution of about 500 nm it is a suitable method 
to study 2-3 μm thin emitters. With this method both, the doping density and the stress in the crystalline 
structure was determined [7]. The doping density was measured evaluating the Fano resonance between 
the Raman active optical phonons and the free holes [8]. This limits the method to p-type layers and 
highly doped n-type layers (> 5൉1019 cm-3). At high injection densities above 1018 cm-3 the Fano resonance 
is not only an effect depending on the doping density but also on the injected holes. In this case it is 
possible to measure the Shockley-Read-Hall (SRH) lifetime [9].  
Using microphotoluminescence the depth profile of the injection density can be measured and 
compared with simulations. A detailed description of the measurement principle can be found in [9]. The 
technique can be used to determine the doping density of n- and p-type emitters with a resolution of 1μm. 
In addition the SRH-lifetime and the defect luminescence can be determined. Furthermore, the bandgap 
energy can be measured and from this parameter the residual stress and doping density can be extracted. 
The calibration was performed by measuring samples with known doping densities determined by SRP. 
4. Measurement results and discussion 
4.1. Bulk lifetime and emitter saturation current 
Fig. 2 shows LBIC measurements of the best cells of a solar cell batch at standard epitaxy temperature on 
the left side compared to a cell processed at lower temperatures on the right side. Both measurements 
show a large inhomogeneity on the cell area due to a differing thickness of the emitter which can arise 
during emitter deposition in the lab-type reactor and cell processing. The diffusion length was determined 
from the ratio of three different luminescence images using a 750 nm, 790 nm and 863 nm short pass 
filter, respectively. The highest determined diffusion length for epitaxy at 1150 °C was Leff = 250 μm 
which corresponds to a minority carrier lifetime of Weff = 20-25 μs. This is in good agreement with our 
simulations based on EQE analysis.  
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Fig. 2. LBIC measurements performed on two solar cells with an epitaxial emitter. On the left side a cell with an epitaxial emitter 
deposited at 1150 °C  showing a maximum measured diffusion length of only Leff = 250 μm. On the right side a cell processed at 
1050 °C reaching a maximum diffusion length of Leff= 750 μm is shown. 
The measurements indicate that during the high temperature process for the emitter deposition the bulk 
material degrades and leads to these low diffusion lengths. Decreasing the deposition temperature to 
1050 °C leads to values up to Leff = 750 μm. For future investigations, LBIC measurements can support 
monitoring the homogeneity of the deposited emitters after cell processing and the material degradation 
after emitter epitaxy. 
It has been reported that QSSPC measurements on samples with epitaxial grown layers show 
characteristics deviating from theory [10]. For most of the measurements the author was not able to 
determine reasonable values for the emitter saturation current J0e. 
For the samples with varied emitter-bulk thicknesses deposited at 1150 °C a decrease in effective 
minority carrier lifetime for increasing emitter thicknesses is expected from simulations [10]. This was 
measured for the majority of processed samples. The effective minority carrier lifetimes after epitaxy did 
not exceed 20 μs for p-type and 200 μs for n-type material. A reasonable fit for J0e was possible for 10 μm 
thick boron doped emitters on n-type substrates, leading to results of J0e= 200 fA/cm2. For p-type material 
no values for J0e could be fitted. 
The emitter deposition was optimized towards lower temperatures to achieve values of 
J0e < 100 fA/cm² and to preserve the bulk lifetimes of the substrate. For these samples the lifetimes and 
emitter saturation currents could be determined at a specified mean carrier density (MCD) of 5·1015 cm-3. 
Fig. 3 (a) shows the effective minority carrier lifetimes for the three different process temperatures. By 
decreasing the epitaxy temperature, the measured lifetimes are one magnitude higher than the ones 
resulting from the standard process. Fig. 3 (b) exemplifies a plot of ͳ ߬௘௙௙Τ െ ͳ ߬௔௨௚௘௥Τ  in dependence 
ofο݊. 
 
 
 
 
 
 
 
Fig. 3. (a) Effective minority carrier lifetimes for epitaxial emitter samples processed at three different temperatures. The values are 
averaged over a batch of processed wafers. (b) An example for a fitted emitter saturation current showing good linear dependence to 
the excess carrier density. 
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3,4E18 1/cm³ 
1E14 1/cm³ 
In this case a good linear dependence allows a fit for the emitter saturation current according to (1). 
Only in the low injection regime a higher surface recombination velocity for SiNx-passivated surfaces 
leads to a decreasing effective minority carrier lifetime and therefore a nonlinear characteristic [11]. The 
lowest fitted value was J0e= 46 fA/cm2 for a 0.4 μm thick n-type emitter samples processed at 1000 °C.    
4.2. Material properties measured by μRaman and μPL 
Planar and textured n-type FZ-wafers with a 3 μm thick deposited two layer emitter were studied. 
Fig. 4 (a) shows the doping density on the planar sample measured with μPL. The measurements were 
compared to measured ECV-profiles of the same samples and showed good agreement. The stress 
measurement in Fig. 4 (b) shows no increased values at the interface between emitter and substrate. In the 
measurement of the SRH-lifetime a reduction into the substrate is determined. The main cause of this is 
still under investigation. 
 
  
 
 
 
  
 
 
  
 
Fig. 4. (a) μPL measurement of the doping density on a planar substrate with a boron doped emitter.  The stress (b) and the SRH-
lifetime (c) are shown in arbitrary units. Arrows indicate the interface between substrate and epitaxial emitter. 
The emitters on textured surfaces show a high doping concentration at the interface (Fig. 5 (a)), which 
was not intended but occurred due to a gas overflow and turbulences at the process beginning. Fig. 5 (b) 
shows a defect luminescence image indicating enhanced dislocation densities [12] mainly at pyramid 
flanks and tops. Stress due to different growth rates could be a plausible explanation for this funding. 
More measurements are currently ongoing to approve this assumption. 
  
 
 
Fig. 5. (a) doping density, and (b) defect luminescence measured with μRaman and μPL 
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5. Conclusions 
In this paper we presented characterization methods and simulations to analyze and to improve 
epitaxial emitters for high efficiency wafer solar cells. LBIC measurements showed very low diffusion 
lengths and a need for process optimization to lower deposition temperatures. For deposited emitters at 
1000 °C QSSPC measurements determined effective minority carrier lifetimes of one magnitude higher 
than with standard epitaxy at 1150 °C. μRaman and μPL measurements were carried out and showed the 
possibilities of emitter characterization and optimization with these methods. No increased stress at the 
interface could be determined. More measurements on different samples are currently ongoing. 
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